Introduction
============

A quotation from Hubert Campbell still seems to be as relevant now as it was in 1971: "Breast cancer is an endemic disease which has been investigated for two hundred years, and the one clear factor about the etiology is its complexity."[@b1-ijwh-9-265] This review demonstrates this complexity by following the historical course of presently established risk factors of breast cancer, with special emphasis on reproductive and hormonal factors. We wanted to elucidate how scientists from various scientific fields have interacted, how their research hypotheses arose, and how unexpected findings directed research into new directions. The historical perspective may deepen our understanding of current risk factors and illustrate that scientific investigation is not necessarily a linear process. A broad impression of scientific development may only emerge from a temporal distance, and therefore, our review focused on the research of breast cancer risk factors from the 18th century until the 20th century.

The 18th and 19th centuries: early clues in the importance of reproductive factors
==================================================================================

Intuitively one would not expect knowledge of breast cancer risk factors to originate from occupational medicine, but the first hint that nulliparity may increase the risk of breast cancer emerged more than 300 years ago, in a famous book by the father of occupational medicine, Bernadino Ramazzini (1633--1714).[@b2-ijwh-9-265] During the period dominated by Galen's medical theories, Ramazzini emphasized working conditions and suggested that every initial consultation should include occupational history.[@b2-ijwh-9-265]

In his book, *De Morbis Artificum Diatriba* (*Diseases of Workers*), Ramazzini describes the working conditions and human health for \~50 different occupations. One chapter, entitled "Diseases of wet-nurses," is devoted to the relationship between the uterus and the breasts or -- to use Ramazzini's expression: "this marvelous sympathy of the breasts and uterus, those two sources of desire."[@b3-ijwh-9-265] He describes the high frequency of breast cancer in nuns compared with other women and speculates that their celibate life could be an important cause of the higher risk in nuns. Although Ramazzini makes no direct connection between a lack of sexual activity and childbearing, his words are often seen as the first hint of an association between reproduction, parity, and risk of breast cancer.[@b4-ijwh-9-265]

Ramazzini's writing style was polemic, and to readers who might disagree with his theories, he had the following request: "cui opinioni qui non acquiescit, meliora proferat"; "anyone who does not accept this view should produce something better". Nonetheless, he realized that much remained to be discovered: "This century, however, is hastening to its finish, and we may assume that it will not be granted the solution of this problem which the Supreme Disposer of all things has perhaps willed to reserve for some other century that is to follow."

Indeed, it took some time, but in 1842, the Italian surgeon Domenico Rigoni-Stern (1810--1855) used death registers in the Verona region to compare mortality of uterine and breast cancer between married and unmarried women.[@b5-ijwh-9-265],[@b6-ijwh-9-265] He confirmed that nuns had higher breast cancer mortality than married women, but he also found that nuns and other unmarried women had a lower risk of dying from uterine cancer. Although the classification of uterine cancer did not yet distinguish between diseases of the cervix and the corpus, and despite some criticism related to his methods, Rigoni-Stern's observation is considered the first clue that infection is a cause of cervical cancer.[@b7-ijwh-9-265],[@b8-ijwh-9-265]

Like Ramazzini, before him, Rigoni-Stern had his thoughts about the risk in nuns, and consistent with the widespread opinion that chronic irritation may cause cancer, he suggested that tight corsets or long-lasting praying positions could be an important factor. He had also observed that the four men registered with breast cancer were all priests.[@b6-ijwh-9-265] Although the latter has not been confirmed by others, a higher risk of breast cancer in nuns has been repeatedly verified.[@b9-ijwh-9-265]--[@b11-ijwh-9-265]

Late 19th century: first clues in the importance of hormonal factors
====================================================================

When Ramazzini wrote about the "wonderful sympathy and reciprocity between the breasts and the uterus", he speculated that the growing uterus supported by fetal movements would mechanically induce milk production.[@b3-ijwh-9-265] At the end of the 19th century, the British surgeon George Beatson acknowledged the possible link between lactation, ovarian function, and breast cancer. While spending time at an estate in Scotland in 1876, he was inspired by the weaning of the lambs and chose lactation as the topic for his thesis.[@b12-ijwh-9-265]

Beatson wrote that the epithelial proliferation in a lactating mammary gland resembled the proliferation of breast cancer cells and postulated that proliferating cells undergo fatty degeneration during lactation, whereas this process could be interrupted in cancerous cells: "In short, lactation is at one point perilously near becoming a cancerous process if it is at all arrested". Local farmers had taught him that eliminating a cow's ovarian function would prolong lactation. Bearing that in mind, he thought that removing the ovaries of breast cancer patients might induce fatty degeneration and stop cancerous growth. After graduation, Beatson worked as a house surgeon of Joseph Lister, the father of antiseptic surgery, and later he became a surgeon at the Glasgow Cancer Hospital.[@b13-ijwh-9-265] In 1895, he removed both the ovaries of a young mother with advanced breast cancer, after which the tumor regressed.[@b12-ijwh-9-265] Other surgeons adopted Beatson's approach, and oophorectomy formed the beginning of antihormonal therapy of breast cancer.

Beatson had searched in vain for a special nerve that could control lactation, and he described the relationship between the breast and the ovaries as "one organ holding the control over the secretion of another and separate organ." Although he was close to understanding the concept of hormonal activity, the word hormone was first coined several years later, in 1905, by the British physiologist Ernest Starling.[@b14-ijwh-9-265]

Between 1915 and 1920, the American pathologist Leo Loeb published a series of reports on the origin of tumors in mice.[@b15-ijwh-9-265] His research did not support the popular hypothesis that infections caused cancer, but he found evidence to support hereditary factors.[@b16-ijwh-9-265] However, his contribution to the understanding of ovarian hormones both for the mammary gland and for breast cancer development was probably more important: "Our results enable us to conclude that in all probability the ovarian hormone and not the effect of pregnancy and nursing is directly responsible for the difference in the cancer rate in male and female mice". He reported that pregnancy stimulated the growth of mammary tumors, whereas castration prevented mammary tumors in mice to occur.[@b17-ijwh-9-265]

Interwar period: growing public health interest in the development of breast cancer
-----------------------------------------------------------------------------------

However, after the League of Nations was established shortly after World War I, aspects of public health came into focus. The newly appointed Health Committee provided a basis for international cooperation, and in 1923, a Sub-Committee on Cancer was installed, which supported etiologic and therapeutic studies on cancer.[@b18-ijwh-9-265]--[@b20-ijwh-9-265] Thereafter, national cancer committees were established, including the Departmental Committee on Cancer appointed by the British Ministry of Health.[@b19-ijwh-9-265],[@b21-ijwh-9-265] Cancer of the female breast and genital organs attracted much research interest, maybe partly due to easier detectability of these organs, but probably also because the frequency of cancer was generally higher in women than in men; in fact, cancer was considered a predominantly female disease.[@b18-ijwh-9-265],[@b22-ijwh-9-265] Also, comparative studies of breast cancer mortality between Holland, Italy, and England disclosed considerable differences between the countries, and the Sub-Committee on Cancer encouraged national investigations of antecedent factors.[@b23-ijwh-9-265]

Major Greenwood, a member of the British Departmental Committee on Cancer and later first professor of medical statistics at the London School of Hygiene and Tropical Medicine, appointed a former colleague, Janet Lane-Claypon, to perform these investigations.[@b24-ijwh-9-265] Lane-Claypon was a physiologist and medical doctor who had already executed highly regarding epidemiological studies on hygiene and children's health. In the following years, she contributed substantially to the understanding of factors that influence the occurrence of breast cancer. Her name also remains associated with important methodological contributions to epidemiologic research; she conducted the first case--control study as well as the first retrospective cohort study.[@b25-ijwh-9-265],[@b26-ijwh-9-265] Lane-Claypon's best-known publication was published in 1926 and is entitled "A Further Report on Cancer of the Breast with special reference to its associated antecedent conditions."[@b27-ijwh-9-265] Using a case--control design, she compared 500 breast cancer patients (cases) and 500 other hospital patients (controls) recruited from hospitals in London and Glasgow. The results suggested that women with low parity, women who married relatively late (a proxy for age at first birth), and women who had not breastfed were at higher risk of breast cancer than other women. In her conclusion, she states: "The breast which has never been called upon for normal function is certainly more liable to become cancerous".

Besides reproductive factors, Lane-Claypon also examined the family history and local irritation and injury, both of which were subjects of controversial discussions at the beginning of the 20th century.[@b28-ijwh-9-265] The hereditary hypothesis was met with skepticism, whereas local injury and irritation were widely accepted as causes of cancer.[@b22-ijwh-9-265],[@b28-ijwh-9-265] Lane-Claypon found a weak but positive association of familial factors, based on the medical histories of parents and grandparents of her study participants. She also found that previous breast problems related to lactation, deformations, or injury were more common among breast cancer cases compared with controls. Discussing her results, however, she considered the possibility that recall bias might explain the latter findings. Contrary to expectations, she found no association of puerperal mastitis. Breastfeeding -- and puerperal mastitis -- had been suspected to contribute to the development of breast cancer through local irritation of the breast, and her observation that lack of breastfeeding was associated with higher breast cancer risk was somehow unexpected.

In 1931, Wainwright conducted a comparable study in the United States.[@b29-ijwh-9-265] His results also concluded that low parity, late age at marriage, and lack of breastfeeding were positively associated with risk for breast cancer. In a reanalysis of both studies in 2010, it was found that late menopause (both studies) and early age at menarche (Wainwright's study) were also associated with increased risk.[@b30-ijwh-9-265] Wainwright also examined whether foreign-born women could be more prone to breast cancer than women born in the United States.[@b23-ijwh-9-265] However, his results could not confirm that possibility, and his initial concern was refuted: "It is indicated that our foreign blood does not increase the tendency to cancer."

Janet Lane-Claypon continued to study cancer until her marriage in 1929, when she had to end her research career due to employment restrictions for married women.[@b26-ijwh-9-265] In one of her last joint publications with Major Greenwood, they put forward the following requirements for researchers in epidemiology: "It may not need much apparatus but it does require a great deal of patience, a healthy scepticism and a good deal of common sense, the last a quality not always conspicuous in the works of our young researchers.[@b31-ijwh-9-265]"

After the war period
====================

Further evidence for the connection between hormones and development of breast cancer
-------------------------------------------------------------------------------------

Major Greenwood probably gave the same advice to his mentee, Austin Bradford Hill, who subsequently may have passed it on to his young colleague, Richard Doll.[@b32-ijwh-9-265] Doll went into epidemiology shortly after World War II, and these two researchers became famous for their studies related to smoking and risk of lung cancer. Together with Peter Armitage, Doll published a landmark paper in 1954, where they propose a multistage model of carcinogenesis, hypothesizing that cancer is induced by a series of multiple mutations within a single cell.[@b33-ijwh-9-265],[@b34-ijwh-9-265] The basis for their hypothesis was the observed linear relationship between the logarithm of age and the logarithm of death rates due to cancer. Along with a number of other cancers, breast cancer deviated from that linear relationship, and Armitage and Doll concluded that carcinogenic factors for these cancers were not constant over time, which also complied with the suspected hormonal influence on the development of breast cancer.

The particular shape of the incidence curve of breast cancer had already been described by Johannes Clemmesen, the founder of the Danish Cancer Registry. In 1948, he wrote that the shape of the incidence curve of age indicated that the incidence slowed down around the age of menopause: "It would not seem unreasonable to connect this irregularity with climacterial phenomena but at the moment no final explanation can be given.[@b35-ijwh-9-265]"

The point of incidence change approximately coinciding with age at menopause has later been called Clemmesen's hook.

The growing impact of exogenous hormones on the development of breast cancer
----------------------------------------------------------------------------

However, in parallel with the awakening understanding of the relationship between hormones and development of breast cancer, exogenous hormones emerged as new risk factors. The first synthesized estrogen, diethylstilbestrol (DES), was discovered in 1938 and was enthusiastically received, especially by doctors who used the drug to alleviate postmenopausal symptoms, to treat gynecologic bleeding disorders, and as palliative treatment for advanced prostate cancer.[@b36-ijwh-9-265] Gynecologists also prescribed DES to prevent pregnancy complications such as preeclampsia, premature delivery, abortion, and intrauterine death.[@b37-ijwh-9-265]

In the 1950s, the synthesis of orally active progesterone lead to the development of combined oral contraception, and Enovid^®^, the first hormonal birth control pill, was approved for the treatment of menstrual disorders in the United States and Britain in 1957. Three years later, it was also approved as a contraceptive. Very soon, hormonal birth control became tremendously popular, and \>100 million women are current users of combined contraception, with higher prevalence in developed compared with developing coutries.[@b38-ijwh-9-265],[@b39-ijwh-9-265]

The use of sexual hormones as menopausal hormone therapy has become equally important. For a long time, menopause had been connected with a large number of physical and psychological problems in women. As early as in 1886, the British gynecologist and pioneer in pelvic surgery, Robert Lawson Tait, wrote in his famous textbook, *Diseases of Women*: "Very few women pass the climacteric period without more or less suffering, and in some cases permanent damage is encountered. The nervous symptoms may be so severe as to result in mental derangement, and this often takes the form of incurable dementia.[@b40-ijwh-9-265]"

However, his suggested treatment was rather limited: "For the relief of nearly all the subjective symptoms of the climacteric period, I know nothing better than the use of an occasional drastic purgative, and removal from home at frequent intervals.[@b41-ijwh-9-265]"

Isolation of estrogen from urine opened new treatment options, and oral hormonal therapy with conjugated estrogens became available from the 1940s. The brand of one such drug, Premarin, did not attempt to hide its origin: *pregnant mare urine*. In the 1960s, the benefits of estrogen replacement therapy were reinforced by the American gynecologist Robert Wilson, who wrote the following: "The unpalatable truth must be faced that all postmenopausal women are castrates. There is a variation in degree but not in fact."[@b42-ijwh-9-265] Wilson further prophesied, "The untold misery of alcoholism, drug addiction, divorce and broken homes caused by these unstable, estrogen-starved women cannot be presented in statistical form."

Only estrogen supply "from puberty to the grave" could save women from this destiny, and he even suggested a possible protective effect of estrogen and progesterone against breast and genital cancer.[@b42-ijwh-9-265],[@b43-ijwh-9-265] His best-selling book *Feminine Forever* was published in 1966, and Wilson compared intake of menopausal estrogen with insulin treatment for diabetes and promised women who took estrogens for everlasting youth and femininity.[@b44-ijwh-9-265] The sale of hormonal therapy increased steadily, and in 2000, approximately one in two American women between the ages of 50 and 65 years used menopausal hormonal therapy.[@b39-ijwh-9-265]

Nonetheless, the success story of hormonal treatment was gradually counteracted by the growing awareness of its adverse effects. This coincided with the concerns about other drugs, especially thalidomide. In addition, DES had shown no beneficial effects on pregnancy complications, and the results of a case--control study published in 1971 suggested that vaginal cancer was more frequent in daughters of women who had been treated with DES in pregnancy.[@b36-ijwh-9-265] Subsequent studies in the 1980s until the early 2000s suggested that DES may increase the risk of breast cancer both in women who took DES in pregnancy and in their daughters who were exposed to DES in utero.[@b45-ijwh-9-265],[@b46-ijwh-9-265]

In relation to the pill, early concerns were raised about the possibility of thromboembolic complications, and in the 1970s, the increasing incidence of breast and endometrial cancer attracted the interest of researchers who thought that using the pill might influence cancer risk. Research did not provide clear evidence, but in certain subgroups, especially women who reported long-term use before first pregnancy, there was some indication for increased risk.[@b47-ijwh-9-265],[@b48-ijwh-9-265] In later studies and subsequent meta-analyses, there was a small increase in risk associated with the current use of oral contraceptives. After cessation of use, the risk persisted but gradually subsided, and \~10 years after cessation, the risk was back to the expected level corresponding to the woman's age.[@b39-ijwh-9-265],[@b49-ijwh-9-265]

The initial enthusiasm for menopausal estrogen treatment dampened in the 1970s after some studies had suggested that estrogen use may be associated with increased risk for endometrial cancer.[@b50-ijwh-9-265] The proposed solution to the problem was to restrict estrogen therapy to hysterectomized women, and to offer other women estrogens with an additional progestin component.

Over the years, indications for hormonal treatment were extended beyond alleviation of menopausal hot flushes or night sweats. The main reason was that results from observational studies suggested that hormonal treatment may prevent coronary heart disease and osteoporosis.[@b51-ijwh-9-265] On the other hand, there had been concerns that hormonal therapy may increase the risk of breast cancer, but results have not been consistent.[@b52-ijwh-9-265],[@b53-ijwh-9-265] The Women's Health Initiative was launched in 1992, and this randomized controlled trial was expected to solve the most important controversies related to the use of hormones during menopause.[@b51-ijwh-9-265] In 2002, the combined hormonal arm (estrogen and progestin) of the trial was stopped because of increased risk of coronary heart disease, stroke, and breast cancer.[@b54-ijwh-9-265] In the estrogen arm, there was no evidence for any association with the risk of breast cancer; however, that arm was stopped in 2004 due to increased risk of stroke. As a consequence of the Women's Health Initiative, the attitude toward hormonal therapy in postmenopausal women has completely changed. The term hormonal replacement is less used, and now, menopausal hormone therapy is the preferred term, reflecting that the primary goal is the relief of menopausal symptoms and that the postmenopausal period should no longer be regarded as a hormone deficiency disease.

Understanding the dual effect of pregnancy on the risk of breast cancer
-----------------------------------------------------------------------

Understanding the role of reproductive factors was not always straightforward. After World War II, national differences in the incidence of breast cancer continued to stimulate international collaboration. It was demonstrated that regions with different breast cancer rates also differed in breastfeeding patterns. While lactation was frequent and prolonged in Asia, where breast cancer was rare, breastfeeding was less common in the United States and Northern Europe, where the rates were high.[@b55-ijwh-9-265] In the early 1960s, Brian MacMahon initiated an international collaboration that included \>17,000 women from regions with high (USA and UK), intermediate (Greece, Slovenia, and Brazil), and low incidence of breast cancer (Japan and Taiwan).[@b56-ijwh-9-265] The results of the study were published in 1970 and questioned the prevailing view on lactation and parity in relation to the risk of breast cancer. Contrary to expectations, no association of lactation with breast cancer was found, and there was no evidence that breastfeeding patterns could explain the differences in incidence of breast cancer between countries.[@b56-ijwh-9-265] Shortly afterward, in a paper that MacMahon considered retrospectively his most influential,[@b58-ijwh-9-265] the importance of age at first birth was clearly demonstrated: the results showed that women with a first birth before they were 18 years old were at 60% lower risk of breast cancer compared with women with a first birth after the age of 35 years.[@b57-ijwh-9-265],[@b58-ijwh-9-265] Subsequent pregnancies seemed to provide only moderate additional protection. Although the association had been described previously, its strength and its importance for understanding the etiology of breast cancer had not been fully appreciated. MacMahon suggested that the long-lasting protection against breast cancer in women with an early first birth may be due to permanent changes in breast tissue caused by the pregnancy.[@b57-ijwh-9-265]

Research in pathology and cell anatomy was soon providing more direct evidence to support MacMahon's suggestion. Starting in the 1970s, Irma and Jose Russo investigated the development of the mammary gland and susceptibility to carcinogenesis both in humans and in experimental animal models. Their findings indicated that the mammary gland of nulliparous women may be dominated by undifferentiated ductal structures, whereas the breasts of parous women had undergone a differentiation process during pregnancy and lactation. They suggested that differentiation of breast tissue is likely to make the breast less vulnerable to cancer development.[@b59-ijwh-9-265]

However, effects of childbirth had not been exclusively regarded as protective. As Clemmensen pointed out in a commentary: "The higher risk of breast cancer for young married women in comparison with single women at the same age, therefore, seems worth considering.[@b60-ijwh-9-265]"

Many years before, Logan, the chief medical statistician at the General Register Office in London, had studied death rates due to breast cancer in fertile and childless married women based on data from death registration in England and Wales. In 1953, he reported a change in the effect of childbearing on breast cancer mortality after a woman's fertile period.[@b61-ijwh-9-265] Compared to childless women, women with children were at higher risk for breast cancer death before the age of 35 years, whereas fertile women \>35 years of age were at lower risk than childless women. Later, MacMahon et al had also pointed to a possible dual effect of pregnancy: they had found that women with a first birth after the age of 35 years were at higher risk for breast cancer than nulliparous women.[@b57-ijwh-9-265] MacMahon's interpretation was that a late first birth may increase the risk of breast cancer through the stimulation of already initiated tumor cells.[@b57-ijwh-9-265] In the 1990s, data from MacMahon's international case--control study and two large cohort studies -- one Swedish and one Norwegian -- confirmed the dual effect of pregnancy, by showing that pregnancy was associated with an increase in short-term risk, followed by a long-term protection and that the increase in short-term risk was higher in women who had their first birth relatively late.[@b62-ijwh-9-265]--[@b64-ijwh-9-265]

The complexity of reproductive factors was captured by Malcom Pike, a statistician and epidemiologist who had worked with Richard Doll. In 1983, he described a model of breast tissue aging, which has been refined later by others.[@b65-ijwh-9-265],[@b66-ijwh-9-265] Based on Armitage and Doll's observation that breast cancer is likely to be hormone dependent, Pike concluded that breast tissue ages at different rates during a woman's life. Thus, a constant rate of aging was proposed to start at menarche, followed by a transient increase at first birth, which again is followed by a decrease in the rate of aging. For subsequent full-term pregnancies, this pattern is repeated, but with lower intensity, and at menopause, there is a further reduction in breast tissue aging. The breast tissue aging model made some missing pieces of the puzzle come together and provided a comprehensive model for the role of reproductive factors in the risk of breast cancer.

Conclusion
==========

It has been a long journey from Ramazzini's reflections of the health of nuns to the current understanding of factors that influence the occurrence of breast cancer. Various scientists from different disciplines have contributed to the knowledge, and the process has not been straightforward; many hypotheses have directed research into unexpected avenues and provided fundamental insights that were previously not regarded plausible. Nonetheless, many unresolved questions remain. A promising approach is the recently established understanding of breast cancer as several distinct molecular subtypes rather than a single disease.[@b67-ijwh-9-265] Studying the associations of reproductive and hormonal risk factors according to breast cancer subtype may provide new insight into the development of breast cancer.[@b68-ijwh-9-265]
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